To investigate the effect of aerobic exercise combined with whole-body vibration (WBV) training on metabolic syndrome risk, and inflammatory markers, and to compare its effects on arterial stiffness and several blood parameters related to metabolic syndrome with those of aerobic training alone. Thirty healthy participants were divided into 2 groups matched for age and body mass index (BMI). Fifteen subjects were assigned to the WBV group (WBV + aerobic training) and the other 15 to the control group (aerobic training only). All participants performed a treadmill exercise 3 days/week for 4 weeks, for 50 min after 30 min rest period. Exercise was performed at a heart rate (HR) corresponding to 60% of the HR at each individual's maximum oxygen uptake (VO2max). Body weight and BMI after training were significantly lower than those before training in the WBV group (P < 0.01). Concerning arterial stiffness, the pulse-wave velocity after training was significantly lower than that before training in the WBV group (1048.7 ± 105.6 vs. 1008.4 ± 101.1 cm/s, P < 0.05). Meanwhile, the VO2max after training was significantly higher than that before training in the WBV group (47.7 ± 12.8 vs. 51.4 ± 14.1 mL•min −1 •kg −1 , P < 0.01). However, no significant differences were observed in any parameters before and after training in the control group. Our results suggest that aerobic exercise combined with WBV training may be effective in reducing arterial stiffness and improving cardiorespiratory fitness than aerobic training alone.
Introduction
Metabolic syndrome (MS) is a complex of symptoms including obesity, hyperglycemia, decreased high-density lipoprotein (HDL) levels, increased triglyceride (TG) levels, and high blood pressure, and also comprises risk factors for heart disease and other health problems such as diabetes and stroke [1] . The associations and clustering of these factors have been known for decades. Furthermore, MS has been clearly demonstrated to be common and have an increasing prevalence worldwide, which is largely associated with an increase in obesity and sedentary lifestyles [2] . Moreover, different regions have been found to have individual clusters of epidemic risk factors [3] . Thus, MS is currently in the spotlight as both a public health and a clinical problem.
Physical activity is well known to reduce the risk of cardiovascular disease in persons with established disorders such as obesity, hypertension, diabetes mellitus, and hyperlipidemia [4] - [7] . Increasing attention has been paid to whole-body vibration (WBV) training and its use as an alternative form of resistance training. WBV is implemented through the use of a vibrating platform on which exercise can be performed. The engines underneath the platform generate vibrations that are transmitted to the person standing, sitting, or lying on the machine. Several studies have recently reported the effect of WBV training on physical fitness in nonathletes, including its ability to reduce body weight or arterial stiffness [8] - [10] . Moreover, increasing evidence suggests that chronic subclinical inflammation is a part of MS. The measurement of inflammatory markers such as Creactive protein (CRP) has been proposed as a method to assess cardiovascular risk. However, few studies have examined the effect of WBV training on anti-inflammatory using CRP. Here, we aimed to investigate the effect of WBV training on MS risk, inflammatory marker, and arterial stiffness.
Methods

Subjects
Thirty healthy volunteers (age: 26.2 ± 7.9 years, height: 168.4 ± 7.7 cm, weight: 62.9 ± 10.4 kg, body mass index [BMI]: 22.1 ± 2.6 kg/m 2 ) with no history of cardiopulmonary disease and no pathogenic conditions affecting the musculoskeletal or neuromuscular system were included in this study. Before the study, all subjects underwent a medical examination including electrocardiography and echocardiography at rest. In all 30 subjects, spiroergometry was performed to determine the maximum oxygen uptake (VO 2max ) during exercise and to determine the study training intensity, which was set at a heart rate (HR) corresponding to 60% of that at VO 2max . Participants were asked to continue with their normal prestudy diet. All subjects provided informed consent as required by the university institutional review board that approved the study.
Protocol
The subjects were divided into 2 groups that were matched for age and BMI. Fifteen subjects were assigned to the WBV group (WBV + aerobic training) and the other 15 were assigned to the control group (aerobic training only).
Experiments were conducted in a controlled environment with the temperature maintained at 25˚C. All participants performed a treadmill exercise 3 days/week for 4 weeks, for 50 min (including a 5-min warm-up and a 5-min cool-down) after a 30-min rest period. Exercise was performed at an HR corresponding to 60% of the HR at each individual's VO 2max . During the exercise session, HR was monitored to ensure that the exercise intensity never exceeded 60% of the maximum HR. The WBV group performed the WBV training and the aerobic training on the same day. A training was performed on a WBV platform (Power Plate, Badhoevendorp, The Netherlands). A training protocol was designed with a gradual increase in frequency (30 -35 -40 Hz), exercise time (30 -45 s), and number of static exercises (10 -12 exercises). The amplitude of each session was always low. The resting time between exercises always equaled the exercise time. The mean total exercise time per session was 13.6 min. Exercises were chosen to train all major muscle groups. A training session typically included: squats, deep squats, wide stance squats, calf raises, lunges, push-ups, triceps dips, biceps curls, abdominal crunches, and pelvic bridges. Laboratory parameters were determined at the beginning and end of the 4-week trial; height, body weight, body fat, and blood pressure were measured using a regular medical scale.
Data Collection
1) Anthropometric measurements. Anthropometric parameters were measured by trained staff, with the par-ticipants barefoot and in their underwear. Waist circumference was measured to the nearest 0.1 cm by using a vinyl tape measure, at the narrowest circumference between the lowest ribs and iliac crests while the subject was standing. The height was measured using an analog-type stadiometer to the nearest 0.1 cm. Body weight and body fat were measured to the nearest 0.1 kg by using a BC-118D body composition analyzer (TANITA Co., Tokyo, Japan). Percentage body fat was evaluated by means of electrical impedance analysis. BMI was calculated as body weight (kg)/height (m 2 ). 2) Blood sampling. Subjects were asked to fast from 11:00 p.m. the evening before visiting the laboratory. A fasting blood sample was taken at noon on the day of the experiment from an antecubital vein, with the subject in a sitting position. The study parameters included total cholesterol (TC), HDL cholesterol, low-density lipoprotein (LDL) cholesterol, TG, fasting glucose, fasting insulin, C-reactive protein (CRP), and Interleukin (IL)-6. TC was analyzed using an enzymatic method; HDL and LDL were analyzed using direct methods; and TG was analyzed by elimination of free glycerol interference with a colorimetric enzymatic assay, using a JCA-BM6070 automated biochemical analyzer (JEOL Ltd., Tokyo, Japan). Insulin was measured using a chromogenic assay with a LUMIPULSE G1200 auto-immunoanalyzer (Fujirebio Inc., Tokyo, Japan). Glucose was measured using an enzyme assay with the GA09 system (A & T Co., Yokohama, Japan). CRP was analyzed using nephelometry with the JCA-BM6070 automated biochemical analyzer (JEOL Ltd., Tokyo, Japan), whereas IL-6 was analyzed using enzyme-linked immunosorbent assay (eBioscience Inc., San Diego, CA, USA). The intra-assay coefficients of variation were <3.0% for TC, TG, and CRP; <5.0% for HDL, LDL, and glucose; and <10% for insulin and IL-6.
3) Measurement of VO 2max . Oxygen consumption was measured using a V max 29 analyzer (CareFusion Co., Yorba Linda, CA, USA). VO 2max was measured using the modified Astrand protocol [11] , in which participants ran at 70% HR max for 3-min and the gradient was then increased by 2% every 2 min until the subject was exhausted. Although the use of this protocol and constant speed is associated with a slight risk of falling while running, it allows accurate measurement of VO 2max within a short time. VO 2 was recorded continuously using a "breath-by-breath" method, and HR was measured simultaneously.
4) Measurement of arterial stiffness. As measures of arterial stiffeness, ankle-brachial pulse-wave velocity (PWV) and ankle-brachial index (ABI) were evaluated noninvasively with subjects in the supine position, using a form-I automated PWV/ABI analyzer (Colin Co. Ltd., Komaki, Japan) attached to the 4 limbs [12] .
Statistical Analysis
Results are presented as mean ± SD, and statistical significance was set at P < 0.05. The adequacy of the sample size was justified with power analysis calculations performed using G*power 3.1 (G*Power; Erdfelder, Faul, & Buchner, 1996). To evaluate differences in values before and after intervention, a paired t-test was used. IBM SPSS Statistics 19.0 (IBM SPSS, Chicago, IL, USA) was used for the statistical calculations.
Results
The demographic and physiological baseline characteristics for both training groups are given in Table 1 . Before training, no significant differences in any of the values were identified between the groups, with the exception of sex. Measurements of anthropometric, blood pressure, and blood parameters according to group as well as before and after training are shown in Table 2 . Body weight and BMI after training were significantly lower than those before training in the WBV group (body weight: 59.3 ± 7.7 vs. 58.6 ± 7.7 kg, P < 0.01; BMI: 21.5 ± 1.9 vs. 21.3 ± 1.9%, P < 0.01). Concerning arterial stiffness, PWV after training was significantly lower than that before training in the WBV group (1048.7 ± 105.6 vs. 1008.4 ± 101.1 cm/s, P < 0.05, Figure 1) . Meanwhile, the VO 2max after training was significantly higher than that before training in the WBV group (47.7 ± 12.8 vs. 51.4 ± 14.1 mL•min −1
•kg −1 , P < 0.01, Figure 2) . However, no significant differences were observed in any blood parameters before and after training in both the control and WBV groups.
Discussion
The present study investigates the effect of short-term WBV training on metabolic risk, inflammatory markers, and arterial stiffness in healthy subjects. Changes in arteriosclerosis markers, such as decreased PWV and a significant increase in VO 2max levels, were observed in subjects who performed WBV training exercises. Our re- sults suggest that short-term aerobic exercise with WBV training is associated with the prevention of both obesity as well as arteriosclerosis. The development of atherosclerosis increases the incidence of cardiovascular events such as heart attack or stroke. A study by Hirai et al. [13] showed strong associations between aortic stiffness and the degree of coronary artery disease, and similar associations have been reported between PWV and independently assessed cardiovascular risk scores [14] . PWV is generally assessed by measuring the time that the pulse wave takes to tra- vel a given distance along the blood vessel and can provide an objective evaluation of atherosclerosis. Miyaki et al. [15] demonstrated a significant reduction in PWV by lifestyle modification combined with WBV training in overweight and obese women; however, they mentioned that the mechanisms underlying the decrease in arterial stiffness after WBV training are unclear. Otsuki et al. [16] investigated the effects of vibration on arterial stiffness by measuring the PWV, and found that arterial stiffness was significantly reduced at 20 and 40 min post vibration compared with that in the same time series of no vibration. Meanwhile, Lythgo et al. [17] found that application of acute intermittent vibration resulted in a significantly increase in mean blood cell velocity of the femoral artery. Moreover, Maloney-Hinds et al. [18] found that when the forearm was passively vibrated on a vertical synchronous vibration platform at 30 and 50 Hz for 10 min, skin blood flow increased significantly within 5 min, which remained elevated for 9 min post vibration. We also confirmed significant increases in posterior tibial artery blood flow after vibration in a preliminary study (unpublished data). The vascular endothelium is a single layer of cells lining all the blood vessels in the body, and over the past three decades, it has emerged as a key player in vascular growth, vasoregulation, and vasoprotection. During this period of discovery, it was found that the endothelium is essential for vasodilatation in response to increases in blood flow associated shear stress [19] [20] . Several vasodilators are released by the endothelium in response to shear stress, including nitric oxide and prostaglandins [21] [22] . Thus, we hypothesize that the effect of WBV training on arterial stiffness is due to the stimulation of the endothelium following the increase in shear stress induced by increased blood flow.
The inflammatory component of atherogenesis has been increasingly recognized over the last decade. It is well known that MS leads to cardiovascular disease. Central obesity and insulin resistance are believed to represent the common underlying factors of the syndrome, which features a chronic low-grade inflammatory state [23] . Low-grade chronic inflammation is reflected by increased CRP concentration and increased levels of certain cytokines [24] , and CRP measurement has been proposed as a method for assessing cardiovascular risk. Furthermore, the presence of an anti-inflammatory effect of exercise has been indicated by changes in the levels of cytokines such as TNF-α and IL-6, as noted in a review article by Petersen and Pedersen [25] . In another study of inflammatory parameters in WBV training, Miyaki et al. [15] demonstrated the elevation of plasma pentraxin 3 (PTX3) level, which confers cardioprotective and atheroprotective effects. PTX3 adjusts both proinflammatory and anti-inflammatory factors; to limit the excess activation of inflammation, which may result in the prevention of cardiovascular disease [26] . Although the present study investigated whether WBV training reduces inflammatory markers such as CRP and IL-6, the levels of these markers did not change significantly in both the control and WBV groups during the study period. Thus, the authors could not conclude that WBV training has an anti-inflammatory effect.
Among patients with diabetes mellitus, increased physical activity or cardiorespiratory endurance capability is associated with a substantially reduced risk for cardiovascular events [27] - [29] . A recent study demonstrated that higher levels of cardiorespiratory fitness protect against MS in older persons [30] . Kumagai et al. [31] reported that a high degree of cardiorespiratory fitness positively contributed to the low prevalence of MS in patients with impaired glucose tolerance and type 2 diabetes mellitus. VO 2max is commonly used in exercise testing to assess a person's endurance capacity. Lakka et al. [32] investigated the leisure time physical activity and cardiorespiratory fitness in subjects with MS, and found that the associations of VO 2max with the components of the MS were stronger than the effects of physical activity. They emphasized that metabolic disorders may be suppressed by regular physical activity and maintaining a high value of the VO 2max . Concerning WBV training, Miyaki et al. [15] reported that peak oxygen uptake significantly increased a after 12-week lifestyle modification program with WBV training. Rittweger et al. [33] investigated the effect of WBV on oxygen uptake, and found a linear increase in oxygen uptake from frequencies of 18 -34 Hz. Our results indicate that the VO 2max significantly increased after 4 weeks of regular aerobic exercise with WBV training compared with that before training; therefore, WBV training improves of cardiorespiratory fitness.
The values of MS risk markers did not change, although body weight was significantly reduced after training in the WBV group. Moreover, reductions in lipid levels or in glucose metabolism parameters were not observed after training in either the control or the WBV training group. Several authors have investigated whether WBV training combined with caloric restriction can reduce MS-related markers [8] [34] . Viessers et al. [8] found significant changes in lipid metabolism parameters after intervention. So et al. [34] also showed significant decreases in TC, LDL, and TG levels after intervention. However, our results showed that blood parameters related MS were not significantly changed after training in both groups, thus suggesting that aerobic exercise with WBV training alone is inefficient in changing the lipid blood parameters during this period. Further studies with larger numbers of participants are needed to confirm these results.
Our study has several limitations. First, the subjects were healthy young persons; thus, the reduction of MS risk markers due to regular WBV training was not evaluated in patients with metabolic disorders. Second, the training duration under each environmental condition was only 4 weeks. Thus, such a short-term study does not provide sufficient information about the reduction in arterial stiffness and improvement of VO 2max . Third, the lack of a WBV training alone group as a limitation should be mentioned. To validate our findings and to confirm whether WBV training reduces the levels of MS risk markers and/or reduces or prevents arteriosclerosis, further studies with a larger number of participants and a long-term study design are warranted.
Conclusion
In conclusion, we found a significant decrease in PWV and a significant increase in VO 2max levels in our WBV training group, suggesting that regular short-term aerobic exercise combined with WBV training might more effectively reduce arterial stiffness and improve cardiorespiratory fitness than aerobic training alone.
